This paper reports an in situ study of the anodic behavior of a model solid oxide electrolysis cell (SOEC) by means of near-ambient pressure X-ray Photoelectron Spectroscopy (XPS) combined with near edge X-ray absorption fine structure (NEXAFS) measurements. The focus is on the 
Introduction
Fundamental understanding of the surface chemistry of O 2 -evolving anodes in solid-oxide electrochemical cells is still a challenge and a key for improving the durability of promising energetic devices, such as SOECs, which is seriously impaired chiefly by degradation of the anodes.
In material science the degradation of the SOEC components, governed by the particular chemistry and experimental conditions [1] , is an universally recognised problem, and the anodes are the most sensible and predisposed to failures as result of damaging processes of various origin. Apart from Cr contamination, that is typical for systems employing ferritic stainless steel interconnects [2] [3] [4] [5] [6] [7] [8] , two key mechanisms have been considered: (i) electrode delamination and (ii) cation migration and/or segregation of passivating species [9] [10] [11] [12] [13] [14] [15] . Delamination of the oxygen electrode seems to be due to the presence of large oxygen activity gradients that causes the formation of gaseous oxygen within the electrolyte close to the electrode/electrolyte interface, resulting in generation of nanoporosity at the grain boundaries. In fact, the loss of oxygen vacancies under anodic polarisation conditions of SOECs is reported to be a source of oxygen electrode deactivation [15] . According to the defect model [16] , in real Sr-doped LaMnO 3 (LSM) electrodes the highly oxidising anodic environment results in the oxidation of the manganese species with concomitant decrease of oxygen vacancy concentration to ensure electro neutrality. In-situ scanning photoelectron microscopy [17] 3 has proven that the surface chemistry of LSM electrodes strongly depends on the polarisation mode:
Mn(II) is predominant at highly cathodic potentials, while Mn(IV) forms under anodic SOFC conditions.
Notwithstanding the growing number of high-quality papers in the field of SOEC materials, the fundamental physico-chemical information is still not complete, in particular the surface chemistry of the electrodes under electrochemical polarisation warrants further investigations. Here we report a pioneering in-situ near-ambient pressure XPS and NEXAFS study of the behavior of nanometrically thick Mn film anodes of a Cu|YSZ|Mn cell (YSZ: yttria-stabilised zirconia) in CO 2 , CO 2 /H 2 O and H 2 O ambients. It should be noted that although the reported results have not immediate bearing on the engineering of SOECs, they have significant methodology impact paving the way towards future near-ambient pressure XPS and NEXAFS investigations of operating practical electrode materials.
In our previous XPS studies of SOFC model systems exploring processes occurring at microscopic length scales [2] [3] [4] [18] [19] [20] , we have already demonstrated the suitability of the adopted cell geometry for in situ photoelectron spectroscopy measurements in reactive low gas pressure ambient and high temperature and the Mn thin film electrodes have been successfully employed for cognate SOFC-oriented studies [19, 20] . The key methodological achievements in [2] [3] [4] [18] [19] [20] were taken for granted in the present study and therefore just the following aspects are briefly recalled for the readers' perusal: (i) the basic principles of the cell configuration; (ii) the chemical nature of the model electrode materials and (iii) the electrochemical significance of single-electrode operation in a given single-gas environment. It is worth noting that the unique potential of photoelectron spectroscopy and microscopy in the presence of electroactive gases has recently been demonstrated by a series of in situ SOFCs studies [2-4, 18, 21-24] and, in particular, of externally-driven systems, mimicking the operation of real devices [19, 20] . In the present study of the surface chemistry of Mn thin film electrodes in contact with YSZ, we overcome the pressure gap by using near-ambient 4 pressure gas chemistries, which is an essential step ahead to probing the behavior of the cell components under realistic operation conditions.
Experimental

Cell fabrication
In this study we used planar, YSZ(100)-supported cells with lithographically defined Cu and Mn thin-film electrodes. The cell geometry and electrode fabrication developed for this class of devices are described in [2-4, 19, 20] , will be only briefly explained in the following. Planar cells are chosen for two chief reasons: (i) to contain the whole cell chemistry (anode, electrolyte, cathode) accessible to the probe beam; (ii) to confine to the surface the regions of the electrochemical cell exhibiting the highest electrochemical reaction rate, so that the utmost surface sensitivity of photoelectron spectroscopy can be exploited at its best. In particular, the triple-phase boundaries are provided by the contact lines between electrode and electrolyte, exposed to the gas environment of the analysis chamber. The preference for model electrode materials, instead of real ones, is dictated by the need of demonstrating in this chiefly methodological work the feasibility of complex in-situ spectroscopy measurements at high temperature with lower reagent gases pressure. We would like to notify that in these model studies we follow the chemical evolution of a few, elements relevant to the electrode and electrolyte status under electrochemical control. They provide basic input for the processes that has to be considered for finding solution to optimise the electrocatalytic performance or the electrode durability. To sum up: the selection of the electrode material is a compromise amongst the following factors: (i) use of metal for ease of lithographic fabrication, which is transformed into oxides by suitable pretreatments or even by simple application of the working conditions in the analysis chamber [2] [3] [4] [18] [19] [20] ; (ii) use of a single relevant element, in order not to widen the experimental parameter space that would not be manageable in a pilot study. In fact, the XAS and NEXAFS yield a wealth of sensitive chemical information and handling too many 5 elements in a methodological study is inappropriate. Inspection of the relevant literature shows that the use of practical materials and stacked rather than planar cells configurations in photoelectronbased studies is not rewarding in terms of both electrochemical control and insight. Of course, future studies, based on the methodological achievements acquired with a model approach, will address also practical materials. In our specific case the material combination is the same as that of [19, 20] , apart the replacement of Ni by Cu that is only ancillary to the study described here. As detailed in [19, 20, 25] using MnO 2 /Au as an SOFC electrode material is dictated by the fact that:
(i) Mn is a key element of several practical anode materials with a rich, relevant redox chemistry and (ii) it provides an ideal benchmark for in situ XPS and NEXAFS spectro-electrochemistry. The reason for considering Cu as a cathodic material (not being a scope of the present study) is that it is also an emerging element for SOEC cathodes [26, 27] ).
YSZ(100) single crystals (1 cm × 1 cm × 1 mm) were purchased from Mateck and used as cell support. As in [19, 20] , the electrodes were fabricated by evaporating 70 nm thick Cu and Mn layers onto Au (30 nm) contact layers grown onto Cr adhesion buffers (10 nm) (Figure 1-A) . Figure 1-B shows the electrode dimensions and interelectrodic distance together with the location of the Pt current collectors. The principle of electrochemical operation of the cell is illustrated in Figure 1 -C and will be detailed in Section 2.3. In order to achieve a high surface density of triple phase boundaries (TPB) with the lithographic approach, the electrodes were designed with a square lattice of circular holes, giving access to the YSZ (see Panels A and B of Figure 1 ). The hole diameter was 
Electrochemical methods
Electrochemical measurements in two-electrode configuration were carried out in the analysis chamber at the working temperature as a diagnostic tool of cell operation in the different gas environments under applied potential. The same approach has been inaugurated and justified in [19] and employed in [20] with a cell that, apart from the Cu electrode and the presence of holes in the electrode patches, is identical to that used for the present investigation. Owing to the special cell configuration adopted in this study that exhibits a very small active electrode area and high ohmic resistance, but nevertheless allowing ideal in situ photoelectron detection from all the cell components, we lay no claims to achieve quantitative electroanalytical results or to obtain absolute values,which can be compared with cognate ones measured with traditional methods and conventional electrochemical cells. In fact, the purpose of our electrochemical measurements is threefold: (i) to prove that the cell operates in the expected way during spectroscopy; (ii) to detect changes under electrochemical conditions and (iii) to gain relative electrokinetic information regarding the operation in different gases and at different potentials. To this aim, we carried out linear-sweep voltammetry (LSV), potentiostatic polarisation and electrochemical impedance spectrometry (EIS) measurements. In particular, in order to gain integral (i.e. from our two electrode configuration, of course yielding electrokinetic data deriving from the whole cell) comparative (i.e. as a function of operating time, gas environment and applied polarisation) electrochemical information on the behaviour of the cells, we periodically measured EIS spectra at open circuit potential (OCP). We employed a Versastat potentiostat and data were acquired with the Versastudio software. As emphasised above, EIS data were fitted in order to gain comparative The EIS spectra were fitted with the typical equivalent circuit model used for SOEC consisting of a series resistance and up to five RQ parallels, as proposed in [29] [30] [31] [32] , for a two-electrode configuration, instrumentally analogous to that relevant to our study. Where required, one the of Q elements has been replaced with a Warburg impedance [5] . The particular circuits we used in individual instances are reported in the captions of 
Near-ambient pressure XPS and NEXAFS
The cells were initially exposed to 0. 
Results and discussion
Since the aim of this investigation is to observe and rationalise the dynamic anodic surface electrochemistry of Au-supported Mn films forming a TPB with YSZ electrolyte and a reactive gas phase, our in situ near-ambient pressure XPS and NEXAFS experiments explored the behaviour of the oxygen-evolving electrode in three representative environments of SOEC operation: CO 2 and H 2 O electrolysis and CO 2 +H 2 O co-electrolysis. Of course, in a practical SOEC, the anodic material would be different (typically LSM) and under normal operation would not be in contact with the cathodic reagents, nevertheless the anodic reaction -though with a different O 2 activity -would be the same. Moreover, the presence of H 2 O and CO 2 in the gas phase feed has been recently reported to have potential impact on the material stability in both SOFCs [35] and SOECs [36] . The experiments were organised according to the following protocol. First we studied the cell under 
Monitoring of cell conditions
Electrochemical measurements were employed in order to monitor the conditions of the electrochemical cells during in situ spectroscopy. To this end we have first carried out a series of measurements on pristine cells, in order to acquire reference data (Section 3.1.1), and then we have followed the cell evolution during the beamtime, in view of associating a given spectroscopic state to the degree of ageing (Section 3.1.2). Eventually, the final cell conditions were assessed by SEM imaging (Section 3.1.3). operating conditions identical to those of spectroscopy. It is worth noting that, owing to the special nature of our TPB geometry, with the same approach adopted in [2] [3] [4] [18] [19] [20] , it is more significant to report the cell current than the current density: cell fabrication by lithography allows remarkable reproducibility of the geometry and the comparative value of our current measurements is thus ensured.
The LSV reported in Figure 3 -A (black line), for a pristine SOEC in CO 2 environment, indicates that the process is under mixed control and a change in mechanism, corresponding to an initial increase in reaction rate followed by the development of a secondary inhibition process, can be observed at ca. 1.2 V, the voltage required for the oxidation of C adsorbed at OCP at the Cu cathode in pure CO 2 : more details will be provided in a separate paper concentrating on the behavior of the EIS spectra with pristine cells in the three considered gas environments were recorded at a bias of 2 V after 30 min of stabilisation ( Figure 3 , Panels E, F). In all ambients the spectra exhibit a similar
Nyquist behavior consisting in a series of RQ loops. The exact nature of the single processes described by the RQ parallels of the whole cell in two-electrode configuration cannot be conclusively established, nevertheless SOEC modeling of these measurements is available in the literature [29] [30] [31] [32] , on which we shall base the interpretation of our data. Accordingly, the intercept of the impedance spectra with the real axis at high frequency corresponds to the ohmic resistance (R ohm ) of the cell, the high frequency arcs (R 1 Q 1 , R 2 Q 2 ) to faradic processes at the electrode/electrolyte interface [37, 38] , the medium frequency arc (R 3 Q 3 ) to gas diffusion (anode) and/or O 2 -ions transport (anode) and/or gas conversion (cathode) [5] , while the low-frequency loop (R 4 Q 4 ) refers to gas-phase diffusion at the cathode [37, 38] . From Figure 3 , Panels E, F, it can be noted that in pure H 2 O (red plot) environment the RQ loops are smaller than those found with pure CO 2 (black plot), coherently with the corresponding LSV curves. 
Electrochemical measurements during spectroscopy -In situ XPS and NEXAFS spectroscopy
measurements were carried potentiostatically over extended periods of time, likely to bring about changes in the cell materials and electrochemical behavior. In order to track changes in cell behaviour and assess their impact on the surface chemistry, we measured EIS spectra at OCP after appropriate series of spectroscopic measurements at different cell potentials (2 and 4 V), typically lasting, unless otherwise stated, 6 hours. In CO 2 ambient (Figure 4 -A) it can be observed that after 6 hours at 2 V, a notable change in EIS shape occurs, characterised by a strong increase in the ohmic resistance R ohm (from 25 to 2800 ) and the charge-transfer resistance R 1 (from 580 to 13100 ) as well as by the appearance of a mass-transport controlled response at low frequencies corresponding to a new parallel R 5 W 5 in the equivalent circuit [30] (Figure 4-A) . The observed increase in R ohm can be associated to the increase in porosity and cracking at YSZ grain boundaries due to oxygen formation at the Mn/YSZ interface, while the concomitant R 1 increase can be attributed to the delamination process occurring at the Mn anode ( [30] and refs. therein). The presence of the new R 5 W 5 parallel suggests that, in addition to gas diffusion, also the surface diffusion of O 2-vacancies can be involved in the reaction mechanism [31] . Application of the stress conditions at 4 V resulted in an important restructuring of the impedance spectrum with a reduction in ohmic resistance (R ohm =650 ), the disappearance of the R 5 W 5 diffusive contribution and the appearance of much faster faradaic RQ loops (R 1 : from 13100 to 350 ; R 2 : from 600 to 25 ): these mechanism changes can be attributed to the diffusion of Mn in the electrolyte patch (see also Figure 2 ) and the formation of metal islands, coherently with the XPS results and the SEM observations discussed below. Figure 4 were found to increase, while the other parameters of the circuit remain essentially constant. The EIS spectrum measured after having polarised the cell in pure H 2 O at 2 V for 9 hours indicates that the incremental changes in electrochemical behaviour are limited, as one can appreciate from the slight variation of the equivalent circuit parameters. 
In situ XPS and NEXAFS
In order to investigate the electrochemical behaviour of the Mn anode in CO 2 corresponds to a carbon deposit [41] . The presence of carbon deposits at high temperature (600°C)
at the surface of the Mn pristine electrode under OCP conditions can be ascribed to accumulation of unreacted carbon stemming from dissociation of gas-phase molecules and, more likely, to carbon segregation from the bulk of the metallic electrode. This latter process is indeed well-known and 14 widely exploited to grow carbidic and graphene layers on metal surfaces by thermal treatment of bulk-dissolved carbon phases [42] . The energy barrier for carbon oxidation on the MnO electrode's surface is higher than the thermal energy available at 600 K, where MnO is indeed stable [43] , and unreactive [44] . Therefore, carbidic phases and/or carbon deposits accumulate at the electrode surface and are not removed. Application of anodic polarisation (in the Figure we show data corresponding to 2 V) results in the complete removal of C via oxidation and gasification, due to the scavenging action of nascent O 2 . In fact, as the oxygen evolution reaction starts upon application of the potential, indeed, carbon is readily removed. Stabilisation of intermediates like carbonate species is excluded on the basis of their temperature stability [45] , and also on both C and O 1s data, since spectral features of CO 3 - are not observed (they should be expected around 289 and 532.5 eV, respectively) [45] . It is worth noting that at 4 V the C 1s peak appears again (an example is reported as the inset in Figure 5-D) , without an electrochemical shift, as a result of Mn anode damaging, causing the electrode to be locally at OCP. The lack of an electrochemical shift in these conditions is confirmed also by the Mn 2p and O 1s spectra (not shown, for brevity). In fact, owing to pitting and Mn surface diffusion at high applied potential (see also Figure 2 , Panels B and C), islands form that are electrically disconnected from the external circuit and thereby, locally at OCP. We observed the same behaviour also with Ni electrodes in SOFC-related studies [3] . This result is correlated to the well know SOEC anode damaging mode by mechanical failure of the YSZ electrolyte in the neighbourhood of the O 2 -evolving anode (see also Section 3.1.3).
The potential-dependent Mn 2p spectra recorded in CO 2 ambient are shown in Figure 5 Figure 6 -B. These spectra contain a multiplicity of features, that correspond to species that are well known from the literature and, again, can be assigned by comparison with published data [50] [51] [52] [53] . For the present purpose, we reckon that it is adequate to carry out this comparison by simply marking the energy positions of the key features of the relevant literature species. All spectra show a broad structure in the range 535-538 eV that can be assigned to gas-phase CO (feature at ca. 535.7 eV) and CO 2 (feature at ca. 537.1 eV) [50] [51] [52] ;
this assignment is further confirmed by the data collected simultaneously in the total yield mode
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(not reported, for brevity), emphasising the gas-phase response. Notwithstanding these strong gasphase contributions to the O K-edge spectra, the features of the two Mn oxides can be ascertained [53] . In fact, the distinctive found, that can be ascribed to the formation of ZrC [54] [55] [56] [57] , related to anode damaging.
Correspondingly, in the C 1s spectra (see inset), in addition to the dominating carbon deposit peak A at 284.5 eV, at 4 V another peak B is observed at 281.9 eV, that can also be explained with ZrC formation [54] [55] [56] . This damaging mode is due to the formation of reactive free Zr sites due to zirconia reduction by loss of oxygen.
It is worth noting, that, notwithstanding the variations in EIS behavior observed during ageing of the cells (Section 3.1.2) and the morphological changes highlighted by SEM imaging (Section 3.1.2), the XPS and NEXAFS scenario is quite stable and typical spectral patterns can be straightforwardly identified, showing that the surface chemistry of the Mn electrode is typical of the investigated conditions, regardless of damaging of the electrode and electrolyte.
Conclusions
This 
